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Introduction
Pazopanib (Votrient) is an inhibitor of multiple class III receptor tyrosine kinases including VEGFR1-3; PDGFRα/β, and c-Kit. 1, 2 These targets permit pazopanib to both slow tumor growth and to inhibit tumor angiogenesis. 3 In this respect, pazopanib has similar properties to the multi-kinase inhibitor sorafenib, except that pazopanib does not inhibit the RAF-1 ser/thr kinase. 4 Our prior in vitro and in vivo data have tended to argue using several (sorafenib + "drug") combinations that PDGFRβ is a major target of sorafenib for its interactions with other agents e.g., with histone deacetylase (HDAC) inhibitors. 5 PDGFRβ inhibition has been linked to pazopanib biology. 6 In a recent study we also observed that the in vitro IC 50 for sorafenib inhibition of P-VEGFR2 was ~2 μM. 7 Pazopanib is approved for the treatment of sarcoma. Sarcomas are a diverse group of tumors of mesenchymal origin and in the United States approximately 15 000 cases are diagnosed each year. Targeted therapy of oncogenic kinases within sarcomas was initially made in gastrointestinal stromal tumor (GIST) where the drug imatinib has activity against the c-Kit and PDGFRα driving mutations in this malignancy. 8 Subsequently other kinase inhibitor drugs including sunitinib and regorafenib have been used in this tumor type. Pazopanib is approved for use in soft tissue sarcomas as well as renal cell carcinoma, though the drug will probably have a wide range of effects on many tumors due to its actions on multiple receptor tyrosine kinases. 8, 9 A major biological effect of the class III RTK inhibitor sorafenib is the dose-dependent induction of an endoplasmic stress (ER)/unfolded protein response (UPR), with reduced expression of proteins that have short half-lives such as MCL-1 and BCL-XL. 5, 7 Reduced MCL-1 levels have been linked in many tumor types to increased levels of apoptosis. Studies by our group have also linked high dose single agent sorafenib exposure to an increase in the levels of autophagic markers including increased numbers of LC3-GFP vesicles. 5, 10 Much less is known about the biology of pazopanib, though high concentrations of pazopanib have also been shown to induce autophagy in bladder cancer cells, where the induction of autophagy was a toxic phenomenon.
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Sodium valproate is an anti-convulsant used in the treatment of epilepsy, migraine, bipolar disorder, and prevention of seizures. 12 Side effects of the drug can include somnolence, tremors, and nausea. Valproate is a histone deacetylase (HDAC) inhibitor of class I, but weakly of class II, HDACs. 13 HDAC inhibitors modify the acetylation of proteins thereby altering the function of histones as well as multiple non-nuclear proteins, altering HDAC inhibitors also increase ROS levels in cells and promote autophagy. 16 All of the above shifts in cell biology tend to predispose tumor cells toward cell death in response to HDAC inhibitors. HDAC inhibitors have also been claimed to reprogram tumor cells into a more stem-like biological state. 17 The present studies determined whether pazopanib interacted with HDAC inhibitors to kill a range of sarcoma cell lines in vitro and in vivo. Our data demonstrate an interaction between these drugs in multiple sarcoma cell types with killing that is due to both death receptor activation and a toxic form of autophagy.
Results
Initial studies examined the response of sarcoma cells to pazopanib when combined with the FDA approved HDAC inhibitor sodium valproate. Cell lines chosen for these studies were: MES (uterine sarcoma), HT1080 (fibrosarcoma), Saos-2 (osteosarcoma), and SKES1 (Ewing osteosarcoma). In 3 of the 4 cell lines pazopanib and valproate interacted in an approximately additive manner to kill sarcoma cells (Fig. 1A) . In the fibrosarcoma HT1080 line pazopanib and valproate interacted in a greater than additive manner to kill (Fig. 1A and B) . Very similar cell killing data to that using sodium valproate were obtained using another FDAapproved chemically different HDAC inhibitor, vorinostat (Fig. 2) .
Pazopanib is an inhibitor of multiple class III receptor tyrosine kinases, including the PDGFRβ, and we next determined whether inhibition of PDGFRβ altered the viability of HT1080 cells exposed to sodium valproate. In a dose-dependent fashion increasing concentrations of valproate caused a modest elevation in tumor cell death, an effect that was significantly enhanced in cells in which PDGFRβ had been knocked down (Fig. 3) . As knock down of PDGFRβ was not complete, our data tend to argue that this receptor represents a major target of pazopanib in HT1080 cells.
We next defined the molecular mechanisms by which pazopanib and sodium valproate killed HT1080 cells. Expression of the mitochondrial protective protein BCL-XL and to a greater extent the caspase 8 inhibitor c-FLIP-s protected cells from pazopanib + valproate toxicity (Fig. 4) . As expression of the caspase 8 inhibitor c-FLIP-s was protective, we determined whether knock down of CD95 death receptor expression was protective. Knockdown of CD95 expression or that of the CD95/caspase 8 docking protein FADD reduced pazopanib + valproate toxicity (Fig. 5) . Of note, treatment of HT1080 cells with valproate reduced expression of c-FLIP-s, and combined exposure of cells to valproate and pazopanib reduced expression of the mitochondrial protective protein MCL-1 (Fig. 5 , inset panel). These alterations in protein expression would predispose HT1080 cells to killing through death receptor signaling and mitochondrial dysfunction.
In prior studies using the multi-kinase inhibitor sorafenib we have shown that knock down of PDGFRβ can stimulate the number of autophagosome vesicles in cells. 5 As pazopanib is an inhibitor of PDGFRβ we next determined whether pazopanib induced autophagy, and if so, whether autophagy played a role in the survival/killing of drug treated cells. Treatment of HT1080 cells with pazopanib + valproate increased the numbers of LC3-GFP + vesicles, indicative of early autophagosome formation as well as the numbers of LC3-RFP + vesicles, indicative of increased levels of mature autolysosomes (Fig. 6) . Chloroquine treatment, which inhibits autophagosome fusion with lysosomes decreased the numbers of LC3-RFP + vesicles (data not shown). Collectively, this data argues that autophagy flux was being stimulated. We then defined the role of autophagy in the drug combination response. Knockdown of either Beclin1 or ATG5 expression suppressed autophagy (LC3-GFP + vesicle numbers) and protected or an siRNa to knock down expression of PDGFRβ (siPDGFRβ). Thirty-six hours after transfection cells were treated with increasing concentrations of sodium valproate (VaL, 250 μM, 500 μM, 750 μM) as indicated. Cells were isolated 24 h after exposure and viability at each time point determined by trypan blue exclusion (n = 3, ± seM) *P < greater than vehicle control. . Cells were isolated 24 h after exposure and viability determined by trypan blue exclusion (n = 3, ± seM) # P < less than corresponding value in CMV cells; ## P < less than corresponding value in BCL-XL cells. (siCD95) or FaDD (siFaDD). Thirty-six hours after transfection cells were treated with vehicle (DMsO), pazopanib (P, 5.0 μM), and/or valproate (V, 500 μM). Cells were isolated 24 h after exposure and viability determined by trypan blue exclusion (n = 3, ± seM).
# P < 0.05 less than corresponding value in sisCR cells.
HT1080 cells from pazopanib + valproate exposure (Fig. 7 and data not shown).
We next defined the roles of cytoprotective signaling pathways in the response to pazopanib + valproate treatment. We introduced activated forms of AKT and MEK1 into cells and determined the response to drug combination exposure. Activation of either the AKT or the MEK1 pathway resulted in a modest protection from drug combination toxicity (Fig. 8A) . Combined activation of the AKT and MEK1 pathways resulted in significantly enhanced cytoprotection. We introduced activated forms of p70 S6K and mTOR into cells and determined the response to pazopanib + valproate treatment. Activation of the mTOR pathway, but not the p70 S6K pathway, resulted in protection from drug combination toxicity (Fig. 8B) . Combined activation of the both pathways again resulted in enhanced cytoprotection.
Pazopanib and valproate are both FDA-approved drugs. Based on our in vitro data we performed animal studies using pre-formed HT1080 tumors (~150 mm 3 ) in athymic mice. In animals treated with vehicle control tumors increased their mass >10-fold within 14 d (Fig. 9) . Treatment of animals with pazopanib or valproate resulted in modest decreases in tumor growth. Treatment of animals with pazopanib + valproate caused a significant decrease in growth beyond those observed with the individual drugs. This argues that our in vitro findings in HT1080 cells translate into an animal model system.
Discussion
The present studies were initiated to determine whether the multi-kinase inhibitor pazopanib interacted with HDAC inhibitors to kill sarcoma cells. Our data demonstrate that pazopanib and valproate/vorinostat interact in an additive to a greater than additive fashion to kill sarcoma cells in vitro. A recent study by Chan et al. in thyroid cancer cells using other HDAC inhibitors in combination with tyrosine kinase inhibitors, including pazopanib, supports our findings. 18 Prior studies by our group have shown that the multi-kinase inhibitor sorafenib increases the levels of LC3-GFP vesicles in tumor cells, suggestive of autophagy. The multi-kinase inhibitor pazopanib increased the levels of LC3-GFP + vesicles and in a chloroquine-dependent and time-dependent manner to a lesser extent LC3-RFP + vesicles, indicative that autophagic flux was occurring. Knock down of either Beclin1 or ATG5 blocked druginduced LC3-GFP + /LC3-RFP + vesicle formation and protected cells from the toxic effects of pazopanib + valproate treatment. Autophagy data using pazopanib similar to our own was recently reported in bladder cancer cells. 11 In addition to autophagy we also determined whether the intrinsic or extrinsic apoptosis pathways played a role in cell killing caused by the pazopanib/ HDAC inhibitor drug combination. Overexpression of the mitochondrial protective protein BCL-XL or the caspase 8 inhibitor c-FLIP-s significantly reduce drug combination lethality. As caspase 8 appeared to be playing a role in cell death we determined whether death receptor signaling was involved. Knockdown of the death receptor CD95 or the death receptor/caspase 8 docking protein FADD also significantly reduced cell killing caused by the drug combination. Finally, we determined whether our in vitro findings translated into an animal model system. At the doses of drug used and for the treatment time, neither pazopanib nor valproate caused a large reduction in tumor mass. However, treatment of the animals with the drug combination resulted in a significantly reduced rate of tumor growth. Collectively our Figure 6 . The regulation of autophagy by pazopanib and valproate. hT1080 cells were transfected with a plasmid to express LC3-GFP-RFP. Twenty-four hours after transfection cells were treated with vehicle (DMsO), pazopanib (PaZ, 5.0 μM), and/or valproate (VaL, 500 μM). Cells were microscopically examined 6 h and 12 h after exposure and the number of GFP and RFP punctae determined in at least 40 random cells per condition (n = 3, ± seM). *P < 0.05 greater than value at 6 h.
Figure 7.
Knockdown of Beclin1 or aTG5 protects cells from pazopanib and valproate toxicity. hT1080 cells were transfected with scrambled control siRNa (sisCR) or siRNa molecules to knock down expression of Beclin1 (siB1) or aTG5 (sia5). Thirty-six hours after transfection cells were treated with vehicle (DMsO), pazopanib (P, 5.0 μM), and/or valproate (V, 500 μM). Cells were isolated 24 h after exposure and viability determined by trypan blue exclusion (n = 3, ± seM).
# P < less than corresponding value in sisCR cells.
findings argue that pazopanib when combined with HDAC inhibitors may be a novel approach in the treatment of soft tissue sarcoma.
In our in vitro tumor cell studies, using clinically achievable doses of drugs, we noted relatively modest changes in the activities of signal transduction pathways that are normally associated with regulating cell survival. For example, after drug exposure the activity of the AKT pathway did not appreciably alter and the activity of ERK1/2 only modestly declined. However, expression of an activated form of AKT, or of MEK1 resulted in protection of cells from the drug combination with expression of both activated kinases almost abolishing cell killing. In contrast to our data for AKT and ERK1/2, the phosphorylation/ activity of mTOR was almost abolished by drug combination . Cells were isolated 24 h after exposure and viability determined by trypan blue exclusion (n = 3, ± seM) # P < less than corresponding value in CMV infected cells; ## P < less than corresponding value in caaKT infected cells. (B) hT1080 cells were transfected with empty vector plasmid (CMV), with a plasmid to express activated p70 s6K (ca-p70), with a plasmid to express activated mTOR (ca-mTOR) or with both plasmids together. Twenty-four hours after infection cells were treated with vehicle (DMsO), pazopanib (PaZ, 5.0 μM), and valproate (VaL, 500 μM). Cells were isolated 24 h after exposure and viability determined by trypan blue exclusion (n = 3, ± seM) # P < less than corresponding value in CMV transfected cells; ## P < less than corresponding value in ca-mTOR transfected cells.
treatment, which correlated with enhanced toxic autophagy. Of note, expression of activated mTOR abolished the induction of autophagy (unpublished data). Hence, we also performed studies in which activated forms of mTOR and p70 S6K were expressed and HT1080 cells treated with drugs; expression of activated mTOR significantly reduced drug combination lethality whereas that of p70 S6K had little to no effect. We discovered that treatment of animals carrying pre-formed tumor for several days with pazopanib and valproate demonstrated that the drugs interacted to suppress the growth of established HT1080 tumors when compared with treatment with either drug individually. The body mass and behavior of the animals did not appreciably alter during the experiment (unpublished observations). This data, combined with our in vitro findings, argues that pazopanib and valproate combination therapy could have utility in soft tissue sarcoma treatment.
Pazopanib is presently being tested/investigated in a wide range of malignancies where its putative anti-cancer role as an anti-angiogenic agent is thought to act. [1] [2] [3] [4] Fewer studies have explored whether pazopanib can act as a direct anti-tumor cell agent. Our in vitro data using sarcoma tumor cell lines would however argue that pazopanib can directly act upon growth factor receptors in sarcoma cells, thereby enhancing their responsiveness to the pazopanib and valproate drug combination. Further studies outside the scope of the present manuscript will be required to determine in additional detail pazopanib and valproate interact to kill tumor cells.
Materials and Methods
Phospho-/total antibodies were purchased from Cell Signaling Technologies and Santa Cruz Biotech. All drugs were purchased from Selleckchem. Commercially available validated short hairpin RNA molecules to knockdown RNA/protein levels were from Qiagen. Antibody reagents, other kinase inhibitors, caspase inhibitors cell culture reagents, and non-commercial recombinant adenoviruses have been previously described. 5, 7, 10, 19 Cell culture and in vitro exposure of cells to drugs All established cancer lines were cultured at 37 °C (5% [v/v] CO 2 ) in vitro using RPMI supplemented with 10% (v/v) fetal calf serum and 10% (v/v) non-essential amino acids. For shortterm cell killing assays and immunoblotting, cells were plated at a density of 3 × 10 3 per cm 2 and 24 h after plating were treated with various drugs, as indicated. In vitro small molecule inhibitor treatments were from a 100 mM stock solution of each drug and the maximal concentration of vehicle (DMSO) in media was 0.02% (v/v). Cells were not cultured in reduced serum media during any study.
Cell treatments, SDS-PAGE, and western blot analysis Cells were treated with various drug concentrations, as indicated in the figure legends. SDS PAGE and immunoblotting was performed as described in references 5, 7, 10, and 19.
Recombinant adenoviral vectors; infection in vitro
We generated and purchased previously noted recombinant adenoviruses as per refs. Cells were infected with these adenoviruses at an approximate m.o.i. as indicated in the figure legend (usually 50 min.o.i.). Cells were incubated for 24 h to ensure adequate expression of transduced gene products prior to drug exposures.
Detection of cell death by Trypan Blue, Hoechst, TUNEL, and flow cytometric assays Cells were harvested by trypsinization with Trypsin/EDTA for ~10 min at 37 °C. Cell death assays were performed as described in references 5, 7, 10, and 19.
Assessment of autophagy Cells were transfected with a plasmid to express a green fluorescent protein (GFP) and red fluorescent (RFP) doubly tagged form of LC3 (ATG8). For analysis of cells transfected with the RFP-GFP-LC3 construct, the RFP-GFP-LC3-positive vesicularized cells were examined under the 40× objective of a Zeiss Axiovert fluorescent microscope.
Plasmid transfection Plasmids Cells were plated as described above and 24 h after plating, transfected. Plasmids (0.5 μg) expressing a specific mRNA or appropriate vector control plasmid DNA was diluted in 50 μl serum-free and antibiotic-free medium (1 portion for each sample). Concurrently, 2 μl Lipofectamine 2000 (Invitrogen), was diluted into 50 μl of serum-free and antibiotic-free medium. Diluted DNA was added to the diluted Lipofectamine 2000 for each sample and incubated at room temperature for 30 min. This mixture was added to each well/dish of cells containing 200 μl serum-free and antibiotic-free medium for a total volume of 300 μl and the cells were incubated for 4 h at 37 °C. An equal volume of 2× medium was then added to each well. Cells were incubated for 48 h, then treated with drugs. To assess transfection efficiency of plasmids we used a plasmid to express GFP and defined the percentage of cells being infected as the percentage of GFP + cells. For all cell lines the infection efficiency was >70%. siRNA Cells were plated in 60 mm dishes from a fresh culture growing in log phase as described above, and 24 h after plating transfected. Prior to transfection, the medium was aspirated and 1 ml serum-free medium was added to each plate. For transfection, 10 nM of the annealed siRNA, the positive sense control doubled stranded siRNA targeting GAPDH or the negative control (a "scrambled" sequence with no significant homology to any known gene sequences from mouse, rat or human cell lines) were used (predominantly Qiagen; occasional alternate siRNA molecules were purchased from Ambion, Inc.). Ten nanomolar siRNA (scrambled or experimental) was diluted in serum-free media. Four microliters Hiperfect (Qiagen) was added to this mixture and the solution was mixed by pipetting up and down several times. This solution was incubated at room temperature for 10 min, then added drop-wise to each dish. The medium in each dish was swirled gently to mix, then incubated at 37 °C for 2 h. One milliliter of 10% (v/v) serum-containing medium was added to each plate, and cells were incubated at 37 °C for 24-48 h before re-plating (50 × 10 3 cells each) onto 12-well plates. Cells were allowed to attach overnight, then treated with drugs (0-48 h). Trypan blue exclusion assays and SDS PAGE/immunoblotting analyses were then performed at the indicated time points.
Animal studies Athymic female NCr-ν/ν mice (NCI-Fredrick) weighing ~20 g, were used for this study. Mice were maintained under pathogen-free conditions in facilities approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the US Department of Agriculture, the US Department of Health and Human Services, and the National Institutes of Health. Mice were injected with 1.0 × 10 7 HT1080 cells in 100 μl of medium. Fourteen days after tumor cell implantation when tumors had grown to ~150 mm 3 mice were mice were PO administered vehicle diluent, pazopanib (25 mg/kg, QD), valproate (50 mg/kg BID), or the drugs in combination for 4 d. Animals were monitored daily, tumor volumes taken every 7 d, and moribund animals were killed as required based on IACUC rules.
Data analysis
Comparison of the effects of various treatments was performed using one way analysis of variance and a two tailed Student t test. Differences with a P value of <0.05 were considered statistically significant. Statistical examination of in vivo animal survival data utilized log rank statistical analyses between the different treatment groups. Experiments shown are the means of multiple individual points from multiple experiments (± SEM).
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